Abstract: Although significant advances have been made in the biologic understanding of graft-versus-host disease (GVHD) and its treatment options, GVHD remains the single most challenging obstacle to the success of allogeneic hematopoietic cell transplantation (HCT) due to high risk of disabling morbidity and mortality. Extracorporeal photopheresis (ECP) has promising effects in controlling steroid-refractory GVHD, both acute and chronic, and it has been studied extensively. Its putative immunomodulatory mechanisms, while not immunosuppressive, position ECP as an attractive treatment strategy for GVHD patients who are already receiving global immunosuppression. However, ECP is relatively underutilized due in part to limited access and time commitment. Here, we review the recent findings on the ECP efficacy in both acute and chronic GVHD, primarily for steroid-refractory status, and we critically appraise its benefits. We also explore salient considerations on the optimal use of ECP in the treatment of refractory GVHD.
Introduction
Allogeneic hematopoietic cell transplantation (HCT) remains the only curative treatment option for many patients with various malignant and benign hematologic disorders [1] . With the increasing utilization of allogeneic HCT in part due to the introduction of reduced intensity conditioning regimens, expansion of HCT to higher recipient age, increasing use of alternative donors and filgrastim-mobilized peripheral blood stem cells [2] among others, the overall burden of patients surviving with graft-versus-host disease (GVHD) may also be growing worldwide [3] . Despite improvements in pharmacologic prevention and treatment of GVHD, graft manipulation technologies, and advances in supportive care, GVHD continues to be the major source of disabling morbidity and mortality after allogeneic HCT limiting its broader application.
Pathophysiology of GVHD is complex and beyond the scope of this review; however, acute GVHD is mediated by tissue injury from preparative regimen, cytokines and alloreactive cytotoxic T cell responses, and chronic GVHD results from complex dysregulation of both adaptive and innate immune responses, resulting in a variety of autoimmune-like conditions. Corticosteroid remains the established standard first line therapy for GVHD, and multiple second-line therapies have been explored to regain responses in those patients with steroid-refractory or steroid-intolerant GVHD [4] . Major obstacles of GVHD treatments are rather limited responses to treatments, long-term steroid toxicities, and global immunosuppression with increased risk of infections, morbidity and ultimate mortality. Extracorporeal photopheresis (ECP) is an attractive option for GVHD patients based on its immunomodulatory properties and promising responses. Here, we review and critically appraise the current literature on ECP as a treatment option for patients with acute and chronic GVHD.
Extracorporeal Photopheresis (ECP)
ECP exerts its immunomodulatory properties by extracorporeal exposure of peripheral blood mononuclear cells to 8-methoxypsolaren and ultraviolet (UV) A light in an apheresis procedure and subsequent reinfusion of the treated cells back into the patient's circulation [5] . ECP has been utilized for GVHD treatment since the 1980s [6] but its only FDA-approved indication remains for the treatment of cutaneous T cell lymphoma. Proposed immunomodulatory properties of ECP may be derived from the following mechanisms: differentiation of monocytes into dendritic cells (DCs), apoptosis of cytotoxic cells, and/or impaired antigen presentation capacity. Additionally, studies have also shown increased natural killer (NK) cells, modulation of DCs, and skewing toward Th2 response [7, 8] . While clinical benefits of ECP treatment have been well documented, its exact mechanisms of action remain rather unclear.
ECP as a Treatment for Acute Graft-Versus-Host Disease (GVHD)

Prospective Studies
In a study of 59 patients with acute steroid-refractory GVHD (grades II to IV) treated with ECP given on two consecutive days at 1 to 2-week intervals until improvement and then every 2 to 4 weeks until maximum response, Greinix et al. noted complete response (CR) rate of 82% in cutaneous GVHD, 61% in liver GVHD, and 61% in gut GVHD [9] . The probability of survival was 59% among complete responders compared to 11% in patients with incomplete responses [9] . Overall survival (OS) at 4 years was significantly better in patients with CR compared to those who did not achieve CR (59% versus 11%, p < 0.0001) [9] . Intensified ECP (2-3 treatments per week on a weekly basis) was found to be significantly efficacious with improved CR rates in patients with GI involvement (73% versus 25%) and those with grade IV GVHD (60% versus 12%) [9] .
Using an adaptive Bayesian design, Alousi et al. conducted a phase II, randomized study of 81 newly diagnosed acute GVHD patients who received <72 h of steroids, and they were randomized to receive 2 mg/kg of methylprednisolone with (n = 51) or without ECP (n = 30) [10] . ECP was delivered for 8 sessions during days 1-14, 6 sessions during days 15-28, and then 8 sessions during days 29-56 [10] . ECP was found to be more efficacious in skin only acute GVHD (72% vs. 57% response rate) but visceral-organ involvement response rates were similar [10] . By day 56, 43% of the patients in the ECP arm were on physiologic doses of steroids versus 30% in the control arm (p = 0.34) [10] . ECP was associated with more robust recovery of CD4 + and CD8 + cells and higher number of regulatory T-cells [10] . Results of prospective study of ECP in acute GVHD are summarized in Table 1 .
Retrospective Studies
Several reports regarding the efficacy of ECP in acute GVHD are available. In a single-center study of 27 patients with steroid-resistant GVHD who received ECP (for 6 courses in the first 3 weeks followed by cessation if patients achieved CR or weekly maintenance therapy until CR), Garban et al. found that 9 out of 12 patients with acute GVHD responded to treatment [11] . There appeared to be no response in those with liver GVHD. The authors concluded that ECP yielded the most benefit if performed as early as possible following the diagnosis of acute GVHD [11] . Perfetti et al. reported 23 patients with steroid-refractory acute GVHD who were treated with ECP and 52% of patients achieved CR [12] . CR was achieved in 70%, 42% and 0% of grades II, III, and IV acute GVHD, respectively [12] . CR was achieved in 66%, 40% and 27% of skin, gut and liver GVHD, respectively. There was a suggestion that patients treated within 35 days of onset of acute GVHD may have higher responses (83% versus 47%, p = 0.1) [12] . A retrospective multicenter comparative analysis of ECP versus anticytokine therapy (inolimomab or etanercept) as a second-line treatment for steroid-refractory acute GVHD were reported by Jagasia et al. [13] . Both overall response rate (ORR) and CR rate were higher in the ECP group (66% versus 32%, p = 0.001; 54% versus 20%, p = 0.001, respectively) [13] . In multivariate analyses, ECP, adjusted for conditioning regimen intensity and steroid dose, was associated with superior survival (hazard radio (HR) 4.6, p = 0.016) [13] . ECP schedules were not uniform between the groups and those in the anti-cytokine cohort had a higher proportion of patient receiving T-cell replete grafts, stage 3-4 skin GVHD and receiving steroid at a dose ≥2 mg/kg [13] . Table 1 summarizes the outcomes of 3 representative retrospective studies.
Systematic Reviews
Abu-Dalle et al. conducted a systematic review of 9 prospective studies (1 randomized controlled trial and 8 single-arm studies) for both acute and chronic GVHD treatment with ECP and reported pooled analyses of 54 subjects (6 studies) with acute GVHD [14] (Table 1) . ORR for acute GVHD was 69% (95% confidence interval (CI): 34-95%). There was high heterogeneity between studies. Pooled ORR for specific organs showed cutaneous 84% (95% CI: 75-92%), GI 65% (95% CI: 52-78%), and hepatic 55% (95% CI: 35-74%) [14] . Rate of immunosuppression discontinuation was 55% (95% CI: 40-70%) [14] .
Consensus Statements, Guidelines and Recommendations
The American Society of Blood and Marrow Transplantation (ASBMT) developed recommendations on the second-line systemic treatment of acute GVHD based on results of 29 studies (including 2 studies on ECP) which evaluated various treatment modalities for acute GVHD [4, 12, 15] . Based on the evaluation of 6-month survival estimates by ASBMT, no specific second-line modality was recommend over other options, however, ECP was listed as a potential second-line choice for acute GVHD treatment [4] . The recommended ECP treatment schedule is 3 times per week (week 1), 2 times per week (weeks 2-12) and 2 times every 4 weeks thereafter [4] . A joint working group established by the British Committee for Standards in Haematology (BCSH) and the British Society for Bone Marrow Transplant (BSBMT) recommends ECP as a potential second line treatment for acute grade III-IV GVHD if no improvement after 5 days or progression within 72 h of 2 mg/kg of methylprednisolone (grade 2c recommendation) [16] .
The Italian Society of Hemapheresis and Cell Manipulation (SIdEM) and the Italian Group for Bone Marrow Transplantation (GITMO) reviewed 11 published reports on 293 patients and recommended the use of ECP for acute GVHD not responding to steroid and calcineurin inhibitors [17] . Better results are anticipated in patients with isolated skin involvement and the efficacy of ECP in visceral-organ GVHD is less well established [17] . The European Dermatology Forum (EDF) recommends the use of ECP as a second line in patients with acute GVHD not responding to first-line steroid therapy at 2 mg/kg/day (defined as progression of acute GVHD after 3 or more days or lack of response after 7 or more days of steroids) [18] . Treatment schedule recommended is twice or three times per week until CR [18] .
UK and Scandinavian Photopheresis Expert Group reviewed and summarized currently published guidelines [19] . In their consensus statement, they recommend ECP to be considered as second-line therapy for patients with acute grade II-IV GVHD who are either steroid refractory (worsening of acute GVHD after 3 days of corticosteroids (minimal dose of 1 mg/kg) or no improvement after 7 days of corticosteroids (minimum dose of 1 mg/kg), steroid dependent (recurrence of acute GVHD (grade II or higher) during corticosteroid taper and before reaching 50% of initial starting dose of corticosteroids) or steroid intolerant (acute GVHD unable to tolerate the side effects of adequate doses of corticosteroids) [20] . They recommend 2 consecutive days of ECP treatment weekly for a minimum of 8 weeks [20] . Additionally, patients with grade III-IV acute GVHD may benefit from three treatments per week for the first 4 weeks [20] . ECP was also thought to be a valuable option for immunosuppressed patients who are unable to tolerate systemic steroids or other immunosuppressive second-line agents. Adult patients who achieve CR and receiving <20 mg of methylprednisolone or equivalent (<0.5 mg/kg for pediatric patients) may be able to stop ECP after 8 weeks of therapy [20] .
Based on the available data, authors recommend considering ECP as second line therapy for acute GVHD patients who are steroid refractory or dependent. ECP should be started at minimum of 2 days per week (ideally 3 days per week the first week: intensified regimen) and be continued for 2 to 3 months on a weekly basis, or until the resolution of GVHD symptoms. ECP would also be helpful in those patients who may not be able to tolerate systemic steroids.
ECP as Treatment for Chronic GVHD
Prospective Studies
Reports on the efficacy of ECP for the treatment of chronic GVHD date back to the early 1990s when several case reports and small studies demonstrated encouraging results [19, [21] [22] [23] [24] [25] . Following these early reports, numerous studies were conducted to evaluate the efficacy of ECP in chronic GVHD with overall encouraging results though generalizability of these findings are limited. The best evidence comes from a randomized controlled trial by Flowers et al. in 2008 where ECP as the treatment of chronic GVHD was evaluated in 95 patients with cutaneous chronic GVHD that was not adequately controlled with steroid alone [26] . This multicenter study randomized steroid-dependent, refractory or intolerant chronic GVHD patients to either ECP (3 times weekly during week 1, twice weekly on consecutive days weeks 2-12, then 2 ECP treatments every 4 weeks until week 24 in responding patients) in addition to standard immunosuppression (n = 48) or immunosuppression alone (n = 47) [26] . The study failed to meet the primary endpoint of blinded quantitative comparison of median change from baseline on total skin score (TSS) over 10 body regions at 12 weeks (14.5% improvement in ECP arm vs. 8.5% in control arm, p = 0.48) [26] . However, ECP showed a corticosteroid-sparing benefit as well as investigator-assessed response with good tolerance [26] . In the follow-up study, 29 patients who were originally assigned to the controlled arm were allowed to cross-over, and received ECP treatment [27] . Clinical benefits were noted, but they were at slightly reduced response rates compared to the other studies (31% with complete or partial skin response) [27] . The highest extracutaneous chronic GVHD response was seen in oral mucosa (70% complete or partial response), and 33% had more than 50% reduction in corticosteroid dose at the end of 24-week treatment [27] .
In a prospective study of 25 patients with extensive, steroid-refractory chronic GVHD treated with ECP (2 consecutive days every 2 weeks in 17 patients and once a week in 8 patients) by Foss et al. [28] , 20 patients had improvement in cutaneous GVHD while only one patient with lung involvement had a 50% improvement in carbon monoxide diffusion (DLCO) and one with biopsy-proven GVHD of the gut had resolution of diarrhea [28] . ORR was 64% [28] . Seaton et al. reported 28 patients with advanced chronic GVHD treated with ECP (2 consecutive days every 2 weeks for 4 months and then monthly), and 38% of evaluable patients with cutaneous disease responded at 3 months with 48% response rate at 6 months [29] . For other organs involved with GVHD, a nonsignificant improvement in liver function tests occurred (at least 25% improvement) and there was no improvement in the pulmonary or neuromuscular function [29] . These studies highlight the differential, organ-specificeffects of ECP on chronic GVHD. Table 2 summarizes the results of 4 prospective studies and organ-specific chronic GVHD response rates. 
Retrospective Studies
There have been multiple retrospective studies on ECP treatment for chronic GVHD [11, 30] . We highlight some representative studies in our review. Couriel et al. retrospectively evaluated 71 patients with severe chronic steroid-refractory GVHD treated with ECP [31] . ORR was 61% including 20% achieving a CR. The best responses were achieved in chronic GVHD affecting the oral mucosa (77%), liver (71%), eyes (67%), skin (59%) and lungs (54%) [31] . There was also evidence of a corticosteroid-sparing effect with a cumulative incidence of steroid discontinuation at 22% (at 1 year) [31] . Dignan et al. reported 82 refractory mucocutaneous chronic GVHD patients treated with bi-monthly ECP for 6 months with a subsequent taper to monthly regimen on response [32] . ORR was 79%, and 77% of patients who completed 6 months of ECP had a reduction in immunosuppressive dose [32] . In a large retrospectively study, Del Fante et al. analyzed 102 chronic GVHD patients treated with ECP over 14-year period and reported ORR of 80.4% [33] . Univariate analysis showed lung GVHD as a predictor of poor response to ECP (hazard ratio 0.34; 95% CI: 0.12-0.94, p = 0.038) [33] . Three large-scale retrospective study results are summarized in Table 2 .
Pooled Results from Systematic Reviews and Meta-Analyses
As noted previously, Abu-Dalle et al. conducted a systematic review and reported pooled analyses of 87 subjects (5 studies) with chronic GVHD [14] . ORR for chronic GVHD was 64% (95% CI: 47-79%). Though heterogeneity was high, pooled ORR for specific organs showed cutaneous 71% (95% CI: 57-84%), GI 62% (95% CI: 21-94%), hepatic 58% (95% CI: 27-86%), oral mucosa 63% (95% CI: 43-81%), musculoskeletal 45% (95% CI: 18-74%), and pulmonary 15% (95% CI: 0-50%) [14] . Pooled incidence of any grade 3 or 4 adverse events were 38% (95% CI: 6-78%) [14] . ECP-related mortality was low with one death in one study (attributed to sepsis and idiopathic respiratory distress syndrome) out of 4 studies [14] . The pooled rate of immunosuppression discontinuation was 23% (95% CI: 7-44%) [14] .
A systematic review and meta-analysis of 18 studies (both prospective and retrospective) evaluating the efficacy of ECP in steroid-refractory chronic GVHD with 595 patients was conducted by Malik et al. [34] . The pooled ORR on different organs for chronic GVHD treated with ECP were skin 74% (95% CI: 60-85%), liver 68% (95% CI: 57-77%), ocular 60% (95% CI: 40-78%), oral 72% (95% CI: 51-86%), lung 48% (95% CI: 33-63%), GI 53% (95% CI: 21-83%), and musculoskeletal 64% (95% CI: 18-94%) [34] (Table 2) . When retrospective studies are included, lung response appears to be much higher than those with only prospective studies, perhaps highlighting an inherent bias associated with retrospective attribution of responses.
Consensus Statements and Clinical Practice Guidelines
Some groups have published consensus statements on the use of ECP for the treatment of chronic GVHD. The SIdEM and the GITMO jointly developed recommendations on the appropriate applications of ECP in patients with GVHD [17] . During the process, they also reviewed 23 studies (with a minimum of 11 patients per study) reporting the outcomes of ECP in 735 chronic GVHD patients [17] . The ORR and CR rate were 64% and 3% in cutaneous GVHD, 56% and 27% in hepatic GVHD, respectively [17] . The ORR was 47-57% in oral mucosa and GI GVHD. High response rates were also observed in children with ocular involvement [17] .
UK and Scandinavian Photopheresis Expert Group summarized 23 studies on chronic GVHD treated with ECP in 521 patients (up to 2005) and reported that based on the 18 studies reporting the responses, the mean cutaneous chronic GVHD response rate was 68% (range, 29-100%) while that of hepatic chronic GVHD (reported in 10 studies) was 63% and 63% for mucosal GVHD (9 studies) [35] . The 2017 update by the same group reviewed 27 studies with 725 patients treated with ECP for chronic GVHD and showed mean ORR of 68% (14 studies) and the following individual organ mean response rates: cutaneous GVHD 74% (23 studies), hepatic GVHD 62% (15 studies), ocular GVHD 60% (4 studies), mucosal GVHD 62% (12 studies), GI GVHD 46% (5 studies), and pulmonary GVHD 46% [19] . Chronic GVHD organ-specific responses derived from these consensus statement studies are summarized in Table 2 .
A joint working group established by the BCSH and the BSBMT recommends that ECP may be considered as a second-line treatment in skin, oral, or liver chronic GVHD [36] . ECP schedule should be every 2 weeks treatments for a minimum assessment period of 3 months (grade 1 recommendation: evidence of benefits and no other immunosuppressive therapy received a stronger recommendation for second-line treatment of chronic GVHD) [36] . ECP may be considered as a third-line option for chronic GVHD involving other organs (such as GI and lung) which was a grade 2 recommendation (judicious application to individual patients is required) [36] . The German/Austrian/Swiss consensus conference on clinical practice in chronic GVHD recommended ECP in second-line treatment (C-1 grading: use in second-line treatment was justified) [37, 38] . The two Italian societies (SIdEM and GITMO) recommend ECP in both adults and pediatric patients with chronic GVHD that is steroid-resistant or steroid-dependent, irrespective of disease extent and severity [17] . They consider ECP a valuable option with the potential for steroid sparing in responsive patients [17] .
Authors believe that ECP would be a viable second-or third-line treatment option for chronic GVHD patients where ECP can be performed every 2 weeks for approximately 3 months to assess initial response. ECP has favorable response rates in the majority of chronic GVHD patients (ORR > 60%) with higher organ specific response rates in cutaneous, oral mucosa, ocular and GI tract.
Discussion
ECP plays a pivotal role mostly as a second-line therapy for both acute and chronic steroid-refractory GVHD. Its steroid-sparing benefit and facilitation of steroid taper have been demonstrated in multiple studies, and it remains an attractive option especially for those who cannot tolerate corticosteroids [28, 32, [39] [40] [41] . A large number of investigators have reported the efficacy of ECP in treating steroid-refractory GVHD with varying success rates and some studies have demonstrated survival benefits with ECP [28, 31, 33] . A variety of ECP treatment schedules have been recommended but in general, intensive short courses of ECP may be considered in acute GVHD whereas longer treatment could be necessary in chronic GVHD. In terms of the organ specific responses, cutaneous GVHD seems to have the highest response rates and lung (chronic GVHD) on the other hand may have rather disappointing results.
Although numerous studies on ECP, including those with open label randomized designs, are available, the quality of evidence on the ECP as a treatment option for GVHD is somewhat limited in part due to the absence of blind studies of ECP. Many of the studies quoted in the recommendations are also retrospective in nature. Acknowledging the limitations of clinical evidence which supports the use of ECP, the procedure has benefits to GVHD patients not only based on its therapeutic efficacy but also based on its well-established safety profile. Of more than 500,000 ECP treatments performed worldwide since 1987, the incidence of reported adverse events is less than 0.003% [19] . The most commonly reported side effects are mild and include nausea, fever and headache. On the other hand, significant reactions such as vasovagal syncope or infections secondary to indwelling catheters are infrequent [19, 35, 36, 42, 43] .
Though ECP is generally safe, a few considerations are worth noting. First, the ECP circuit has a relatively small fluid volume (typically < 500 mL). ECP would be best performed in a closely monitored outpatient unit or in the hospital, and one has to be mindful of the volume status of potentially ill GVHD patients. Secondly, intravenous 8-methoxypsolaren is only licensed in the Therakos closed system, and those patients who are photosensitive or have a sensitivity to psolaren compounds are excluded from ECP option. Additionally, weight under 40 kg is contraindicated in the ECP Therakos UVAR-XTS TM machine as low body mass patients would unlikely be able to tolerate the volume shifts during ECP treatment. However, the closed system CELLEX TM (Therakos) has recently replaced the UVAR-XTS TM (Therakos) system. The CELLEX TM (Therakos) system allows shorter treatment time (down to one and a half hour from typical three-hour treatment) and treatment of lower body weight patients expanding the ECP indications to pediatric population [19] . Both heparin or citrate can be fused to prevent thrombosis during the ECP but citrate may be the preferred method of anticoagulation in patients with risk of bleeding from especially GVHD (such as GI or liver). A low platelet count (such as <20 × 10 9 /L) is considered a contraindication to ECP. Additionally, patients would need to have appropriate venous access such as photopheresis-compatible port-a-cath or central venous catheter. Physicians should discuss risks and potential complications associated with central venous access such as bleeding, thrombosis and infections. Patient access to ECP sites may be somewhat limited, though it is estimated that over 200 locations (mostly at transplant or academic medical centers) may be available worldwide [19] . Further expansion of ECP availability would help GVHD patients who are refractory to corticosteroids and in need of additional therapy.
The exact mechanism by which ECP induces tolerance in patients with GVHD remains an open question. There are several observations that may help to grasp current understanding of immunologic mechanisms of ECP. Data suggest that ECP-induced T-cell tolerance seems to depend on T-cell apoptosis, the presence of CD11c+ monocytes and regulatory T-cell (T-reg) induction [44] [45] [46] [47] . Hannani et al. also suggested that alloreactive T-cells derived from GVHD patients are particularly susceptible to the pro-apoptotic effects of ECP [48] . However, only a small fraction (likely 5 to 10%) of circulating monocytes are exposed to UVA irradiation during ECP procedure, and it is less likely that this mechanism alone would explain the tolerance induction by ECP [49] . Additional considerations may need to be given to ECP effects on DCs as well as interactions of T-cells and DCs implicating the complex interplay of immunologic cells in exerting tolerance induced by ECP. The role of B-cells in the development of GVHD has also been investigated further in the recent past. Emerging data suggest profoundly impaired B cell immunity in chronic GVHD patients and some studies found that markers of B-cell activation may correlate with ECP responses [50, 51] . Further research is needed to elucidate the mechanisms of GVHD response following ECP, to address questions regarding the differential effects on specific organs, and to develop new methods to improve ECP treatment responses in non-cutaneous GVHD.
Conclusions
Steroid-refractory GVHD remains a major cause of disabling morbidity and mortality after allogeneic HCT. ECP is an attractive second-and third-line option for those patients with GVHD, but its use may be influenced by clinical experience, center preference and patient access due in part to the lack of high-quality randomized clinical trials comparing ECP with other modalities, and paucity of algorithms incorporating ECP over other therapeutic options. The current decisions to prescribe ECP are largely made on an individual patient basis. The procedure has an excellent safety profile and it would be an ideal option for those who are unable to tolerate higher doses of corticosteroids. Extensive literature, albeit mostly retrospective in nature, exists on the efficacy of ECP in GVHD, and clinicians should consider ECP early on as a promising therapeutic modality for those patients who require corticosteroids for the treatment of GVHD. The standardization of ECP treatment may be important in delivering consistent therapy and produce reliable outcomes. With emerging GVHD therapies modulating JAK-STAT and BTK pathways, the treatment options for GVHD patients are growing, but ECP would be a useful therapeutic armamentarium for those GVHD patients undergoing life-threatening medical conditions.
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